Hexagonal boron nitride (h-BN) is an attractive wide-bandgap material for application to emitters and detectors operating in the deep ultraviolet (DUV) spectral region. The optical transmittance of h-BN in the DUV region is particularly important for these devices. We report on the deposition of thick h-BN films (>200 nm) on Al 0.7 Ga 0.3 N templates via radio-frequency sputtering, along with the realization of ultrahigh transmittance in the DUV region. The fraction of the gas mixture (Ar/N 2 ) was varied to investigate its effects on the optical transmittance of BN. DUV light transmittance of as high as 94% was achieved at 265 nm. This value could be further enhanced to exceed 98% by a post-annealing treatment at 800 • C in a N 2 ambient for 20 min. The phase of the highly DUV-transparent BN film was determined to be a purely hexagonal structure via Raman spectra measurements. More importantly, these deposition processes were performed at a low temperature (300 • C), which can provide protection from device performance degradation when applied to actual devices.
Introduction
In recent years, AlGaN-based ultraviolet and deep ultraviolet (DUV) light-emitting diodes (LEDs) have attracted considerable interest among the efforts to replace toxic mercury lamps in a broad range of applications, including water/air purification, sterilization, and medical devices [1] [2] [3] . One major obstacle to the realization of high efficiency in these devices is the lack of a transparent p-type contact layer [4] [5] [6] , which means that the conventional techniques used to enhance the light extraction efficiency of GaInN-based visible LEDs are ineffective in DUV LEDs. Hexagonal boron nitride (h-BN) is an ultra-wide-bandgap (E g~6 eV) material in the group III nitride family [7, 8] . More importantly, h-BN has a unique propensity for p-type doping. Previous reports have shown that good p-type conductivity can be achieved in h-BN via doping with Zn, Be, and Mg [9] [10] [11] [12] . It has also been reported that the boron vacancies are acceptor-like defects with an energy level of approximately 150 meV above the valence band edge [13] . Strong p-type behavior has been demonstrated experimentally in undoped h-BN with a hole concentration of 10 20 cm −3 at room temperature by the formation of boron vacancies grown by molecular beam epitaxy [14] . In addition, h-BN has an ideal band alignment to Al 0.7 Ga 0.3 N that allows it to act as a p-cladding layer for both hole injection and electron blocking [15] . These properties mean that h-BN is a promising candidate material for use as a p-type layer in optical devices. There have been a number of reports of h-BN layer synthesis using chemical vapor deposition (CVD) methods [16] [17] [18] [19] . In these studies, the favored substrate materials are mostly metals such as Ni, Cu, or Fe, which are used as catalytic layers to promote h-BN film formation. However, the h-BN film thickness in these cases was limited to a few monolayers, which is insufficient to support carrier transport in device applications. Additionally, growth of h-BN layers on sapphire and silicon substrates has also been demonstrated [20] [21] [22] . Much of the recent interest in h-BN was stimulated by the report of growth of a thick h-BN film on an AlGaN layer by metal organic chemical vapor deposition (MOCVD) using a buffer layer [23] . This h-BN film is expected to be used as a p-type layer in DUV LED applications. However, the use of the buffer layer brings an extra high resistance that could cause extremely high device voltages. In addition, the MOCVD growth process required very high temperature conditions (>1300 • C), which can cause previously grown active regions to degrade and can also cause a chemical reaction at the AlGaN surface. These issues have limited the applicability of h-BN to optoelectronic devices and light output has thus not been realized from p-type h-BN devices to date. A new method to grow thick h-BN layers on AlGaN is therefore required. Sputtering is an alternative growth method that can deposit good-quality films at lower temperatures [24] . In this technique, high-energy ions are generated by a glow discharge in a low-pressure gas. The energetic ions eject source atoms from the targets and then deposit them on the substrate in a vacuum system. The source of energy is provided by energetic ions. Hence, sputter deposition can be used to deposit good-quality film at low temperatures, even down to room temperature. A radio frequency (RF) source is used because it can be used for not only conductive but also non-conductive targets [25] . One requirement that applies to h-BN in optical device applications is that it has high optical transmittance because the transmittance strongly determines the power conversion efficiency via the light extraction efficiency. While there have been several previous reports of sputter deposition of h-BN [9, 26] , the optical transmittance values of the reported layers in the DUV region were very low when compared with that of similar layers grown by MOCVD. In this paper, we report the realization of thick h-BN layers with high transmittance in the DUV region on an Al 0.7 Ga 0.3 N template that were deposited by RF magnetron sputtering under low temperature conditions. The transmittance of the 200-nm-thick h-BN film ultimately reaches as high as 98% at 265 nm. To the best of our knowledge, h-BN films prepared under low temperature conditions that demonstrate such high transmittance in the DUV region have not been reported to date.
Materials and Methods
We used commercial c-plane Al 0.7 Ga 0.3 N templates that were provided by LumiGNtech Co., Ltd. (Gwangmyeong-si, Korea) as the substrates [27] . We anticipated that the h-BN could be integrated with current AlGaN-based DUV optoelectronic devices and thus the specific template composition was selected to be identical to that of the p-type Al 0.7 Ga 0.3 N cladding layer that is typically used in 260-280 nm DUV LEDs [28] . All substrates were cleaned ultrasonically in acetone and then in isopropyl alcohol (IPA) followed by deionized water before being loaded into the chamber. The deposition of the h-BN films was performed using an RF (13.56 MHz) magnetron sputtering system (ULVAC MNS-2000). A radiation lamp that was located behind the substrate heated the substrate to the deposition temperature at a heating rate of 10 • C/min. The base pressure in the chamber was below 3 × 10 −5 Pa. A high-purity sintered BN target (99.5% purity) with a diameter of 50 mm was used. The distance between the target and the substrates was 70 mm. The RF power applied to the target during deposition was maintained at 200 W. The sputtering was carried out in argon (Ar), nitrogen (N 2 ), or a gas mixture of N 2 and Ar. The N 2 /(N 2 + Ar) fraction in the mixed gas was adjusted by varying the Ar and N 2 flow rates, while the total gas flux was maintained at 30 SCCM at a pressure of 0.6 Pa in the chamber. The target was first pre-sputtered for 30 min for cleaning purposes with a shutter placed between the target and the substrate. During the pre-sputtering stage, the substrates were heated to 300 • C for BN deposition. The deposition duration was 30 min for all samples. After cooling to room temperature, some samples were subsequently transferred into a quartz tube for post-annealing treatment at 800 • C for 20 min in a flowing N 2 ambient using a conventional rapid thermal annealing (RTA) method.
The deposition rate was calculated from the film thickness, which was measured using a scanning electron microscope (SEM). The optical transmittance of the h-BN films was characterized using a spectrophotometer operating in the 200-1000 nm range. The crystalline phase of the BN thin film was identified by Raman spectroscopy (using an inVia Raman Microscope, Renishaw, Gloucestershire, UK). The excitation source used in the Raman scattering measurements was a 532 nm laser.
Results and Discussion
The dependence of the deposition rate on the N 2 flow ratio during sputtering is illustrated in Figure 1 . The results show that the deposition rate initially increases from 2.3 nm/min to 8.3 nm/min when the N 2 flow ratio increases from 0 to 50%. Further increases in the N 2 flow rate do not cause any further changes in the deposition rate. A similar trend was also reported in an earlier project for RF-sputtered boron carbonitride (BCN) films [29] . This behavior can be explained as being caused by nitridation of the BN target during these sputtering processes. Nitrogen vacancies can easily be generated and thus change the composition at the target surface during sputtering processes. Introduction of N 2 into the discharge plasma is likely to modify this nitridation of the target surface and thus maintain a stable sputter rate during the deposition process.
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The absorption of the DUV light in the p-side of the present DUV LEDs is one of the major hurdles to realizing highly efficient emitters. In this project, we provide an approach for deposition of highly-DUV-transparent h-BN films on Al0.7Ga0.3N layers at low temperature. It was previously reported that h-BN can feasibly realize p-type conductivity with a high hole concentration [9] and can also form good ohmic contacts to metal electrodes [23] . In addition, h-BN is an excellent material We would like to point out that the change of the RF plasma power could affect the deposition rate, but it has little influence on the optical transmittance when the RF power was changed in the range from 200 to 70 W.
The absorption of the DUV light in the p-side of the present DUV LEDs is one of the major hurdles to realizing highly efficient emitters. In this project, we provide an approach for deposition of highly-DUV-transparent h-BN films on Al 0.7 Ga 0.3 N layers at low temperature. It was previously reported that h-BN can feasibly realize p-type conductivity with a high hole concentration [9] and can also form good ohmic contacts to metal electrodes [23] . In addition, h-BN is an excellent material for both hole injection and electron blocking with respect to Al 0.7 Ga 0.3 N [15] . As a result of the unique characteristics described above, we anticipate that h-BN can be used to replace opaque p-GaN in DUV light-emitting devices in future, as illustrated schematically in Figure 4 . A DUV-transparent h-BN layer would act as a multifunctional layer; it is a current spreading layer for current spreading to the entire chip, an effective electron blocking layer that prevents the electron from overflowing to the p-regime, and a good ohmic contact layer to form low contact resistance to metal. Specifically, the high transmittance of h-BN enables the application of various techniques based on multiple reflections to extract light efficiently from the DUV optical devices [37] [38] [39] .
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Conclusions
In conclusion, we have demonstrated deposition of a thick h-BN film by low-temperature RF sputtering on an Al0.7Ga0.3N layer, which is the material that is commonly used in current sub-280 nm AlGaN-based LEDs. The hexagonal phases of these films were confirmed by Raman spectra measurements. Ar/N2 gas mixture ratio optimization during sputtering and the application of a postannealing treatment can cause the transmittance to reach as high as 98% for 265 nm UVC light in a 200-nm-thick film. In addition, these deposition processes were performed at a low temperature (300 °C). This project thus presents a feasible way to fabricate highly DUV-transparent h-BN films on current sub-280 nm AlGaN-based LEDs at low temperatures. 
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